Indiffusion profiles of sulfur in gallium arsenide were determined by secondary ion mass spectroscopy. In order to evaluate the shape of the profiles, a set of coupled reaction-diffusion equations was solved numerically. From the simulated nonequilibrium indiffusion profiles of sulfur, which diffuses into gallium arsenide via the kick-out mechanism, both the diffusion coefficient and the equilibrium concentration of arsenic self-interstitials were simultaneously determined. Transmission electron microscopy revealed that, due to an arsenic supersaturation, extrinsic dislocation loops have formed. The Fermi-level effect is more pronounced at lower diffusion temperatures and provides an additional driving force for the loop formation, agreeing well with the occurrence of larger faulted loops at a diffusion temperature of 950°C rather than at 1100°C. The complex behavior of the sulfur indiffusion can be quantitatively described by taking into account extended defects.
I. INTRODUCTION
There are alot of diffusion data available for the diffusion in the gallium sublattice of GaAs.
1 A reason for this is that the important dopants Si, Zn, and Be are incorporated in the Ga sublattice. In recent years new investigations have been carried out on the diffusion in the arsenic sublattice. [2] [3] [4] [5] One technologically interesting point is that carbon, which is incorporated in the As sublattice, is used as a slowly diffusing acceptor. Another problem is to produce GaAs with homogeneous electrical properties. For this, it is necessary to perform annealing steps after crystal growth. 6, 7 Arsenic diffusion and precipitation have to be considered to optimize this heat treatment. Recently, sulfur, which is also incorporated on the As sublattice, has found increasing interest as an n-type dopant for device applications. 8 Sulfur diffusion into GaAs has been studied intensively in the past. 9, 11 However, the diffusion coefficients determined vary over a wide range. The reason is that only errorfunction-like profiles have been taken into account for evaluating the diffusion data. On the other hand, electrical methods have been used to determine the S concentration profile. Due to compensation effects at high concentrations, the total amount of sulfur and the concentration of the electrically active sulfur can differ.
Uematsu et al. 12 concluded from their studies that S indiffusion is governed by the kick-out mechanism; i S S As ϩI As , ͑1͒
where i S stands for sulfur atoms on interstitial sites, and S As for sulfur atoms on As lattice sites. Different experimental data sets [10] [11] [12] could be explained with this concept.
Sulfur diffusion is of particular interest, because it should allow one to determine the diffusion parameters of arsenic self-interstitials (I As ) using Eq. ͑1͒. The equilibrium concentration (c I As eq ) as well as the diffusion coefficient (D I As ) of I As have not been determined. In former experiments, 12, 13 only the effective As diffusion coefficient, which includes the product D I As c I As eq , was determined. The aim of this article is to represent a method of extracting both factors separately.
II. EXPERIMENTAL DETAILS
For our sulfur indiffusion experiments, we used undoped Bridgman-grown GaAs. The annealing was carried out in sealed quartz ampoules of 6 cm 3 in volume. The ampoules were cleaned before GaAs samples, pure metallic As and pure S were added. The amounts of sulfur we used ͑0.05 to 5 g cm
Ϫ3
͒ were similar to those reported in the literature. 9, 12 To determine the small amounts accurately, S was dissolved in benzene. Arsenic was added to the ampoules in quantities as large as necessary to provide an As vapor pressure of 1 bar over the samples. Evacuating to a pressure lower than 10 Ϫ8 bar and sealing the ampoules was followed by annealing in a box furnace. After diffusion annealing, the ampoules with the samples were quenched in water. A very short annealing time of 7 min was chosen for the diffusion at 1100°C. The heating-up time of the ampoules was recorded and taken into account for the simulations. S indiffusion profiles were measured by secondary ion mass spectroscopy ͑SIMS͒.
14 Transmission electron microscopy ͑TEM͒ was carried out on cross-sectional samples. a͒ Electronic mail: leipner@physik.uni-halle.de
III. MODELING OF DIFFUSION
For the diffusion behavior, the transport capacities of the mobile species in the diffusion process have to be considered, which are for the kick-out mechanism D i S c i S eq ͑sulfur interstitials͒ and D I As c I As eq ͑arsenic self-interstitials͒. The equilibrium concentrations of i S and I As (c i S eq and c I As eq ) can be adjusted via the vapor pressure in the gas phase over the GaAs sample. For the case that the transport capacity of i S is not higher than that of I As , i.e., D i S c i S eq рD I As c I As eq , the condition for the concentration of As interstitials c I As ϭc I As eq is met. The diffusion process proceeds under equilibrium conditions of native point defects (I As ). .
͑3͒
This equation is based on the assumption of c i S ϭc i S eq for the concentration of S interstitials in the diffusion region. D I As is the diffusion constant of I As . Under nonequilibrium conditions, the diffusion coefficient depends on the S As concentration (c S ), which leads to the non-error-function-like shape of the indiffusion profile. From Eq. ͑3͒, the transport capacity of I As can be extracted. Normalizing the transport capacity D I As c I As eq to the concentration of As lattice sites c 0 yields the As self-diffusion part of the effective diffusion constant (D I As eff ϭD I As c I As eq /c 0 ). 4 The profiles simulated for equilibrium and nonequilibrium conditions are presented in Fig. 1 . The dashed line calculated according to Eq. ͑2͒ corresponds to an almost errorfunction-like diffusion profile. The dotted line shows the profile obtained using Eq. ͑3͒. This case corresponds to that of indiffusion of gold in silicon, 15 which is also governed by the kick-out mechanism. There, the assumption c i Au ϭc i Au eq holds, because the gold diffusion coefficient is very high compared to the diffusion coefficient of Si self-interstitials, and the equilibrium concentration of interstitial gold, c i Au eq , is several orders below the equilibrium concentration of Au on substitutional lattice sites. It follows that the condition c i Au ϭc i Au eq is established over the hole wafer after a very short time. However, for S indiffusion in GaAs this assumption is not fulfilled. We will see that c i S eq is relatively high and that the diffusion coefficient of S interstitials is always lower than that of As self-interstitials. This is the reason that the S indiffusion profiles follow the shape given by Eq. ͑3͒ only in the high concentration region ͑full line in Fig. 1͒ . The concentration of As interstitials is shown in the inset of 1. Due to the high transport capacity of i S , a supersaturation of I As is obtained for the nonequilibrium case ͑full line͒.
To describe the diffusion process, we have to solve numerically a system of partial differential equations, including the kick-out reaction of Eq. ͑1͒:
‫ץ‬c I As
t is the diffusion time, x the depth coordinate, c S ϩ the concentration of S As ϩ donors, and n the carrier concentration. Under the assumption that the kick-out reaction is at least locally in equilibrium, the mass law of action given in Eq. ͑4͒ holds, and the the equilibrium concentrations c I As eq and c S ϩ eq are introduced in the diffusion process. K ko ϩ and K ko Ϫ are the reaction constants for the forward and backward reaction of Eq. ͑1͒. With Eq. ͑4͒, the kick-out reaction can be described by only one reaction constant. We assumed in our simulations this reaction constant as diffusion-controlled after the theory of Waite. 16 For K ko Ϫ holds
The capture radius r c is the distance where the interaction energy between the interstitial and the lattice atom is in the order of kT, with k as the Boltzmann constant and T the temperature. It is most likely in the range of the lattice constant, i.e., r c ϭ0.5Ϯ0.2 nm in our case. It can be assumed that the diffusion coefficient of S As is much smaller than that of the interstitials, D S ӶD i S . Hence, only the reaction term and not the diffusion term is considered in Eq. ͑6͒. In addi- tion to the diffusion and reaction terms an drift term has to be included in Eq. ͑6͒. Sulfur is an n-type dopant in GaAs. Due to the indiffusion in undoped bulk material, an internal electrical field is built up. The drift term in Eq. ͑6͒ considers the force in this electrical field on S interstitials, which are assumed to be positively charged.
In order to describe the formation of dislocation loops during indiffusion, the term ‫ץ‬c ⌽ /‫ץ‬t is introduced in Eq. ͑7͒. A detailed description is given Sec. IV.
The new interesting feature in Fig. 1 is the tail of the nonequilibrium profile. The specifics of this diffusion tail depend on both factors contained in the transport capacity, enabling information to be gained on the diffusion coefficients and the equilibrium concentrations of I As and i S . It has to be mentioned that the high concentration part of the profile depends on the product of D I As c I As eq only, i.e., on the transport capacity, also for short annealing times.
IV. EXPERIMENTAL RESULTS
For two different surface S concentrations, profiles measured by SIMS after annealing at 1100°C are plotted in Fig.  2 . The results are comparable with earlier experiments. 12 Obviously, the shape of the profiles depends strongly on the sulfur concentration in the ampoule. Via the sulfur surface concentration, the equilibrium concentrations of both i S (c i S eq ) and S As (c S eq ) are adjusted. Based on the parameters derived by Uematsu et al., 12 we made simulations to find a time where the condition c i S ϭc i S eq is not yet met over the whole profile. In this case, the tail of the profile will allow one to determine not only the products of the diffusion parameters but the individual factors. A period of 7 min for the S indiffusion at 1100°C was deduced to be appropriate for this purpose. In accordance with the simulation ͑Fig. 1͒, there is a pronounced tail in the S profile ͑Fig. 2͒ for this diffusion time for a sufficiently high S surface concentration. The influence of the components of the transport capacities, i.e., D I As and c I As eq for I As , as well as were kept constant, but the ratio of the two components was changed. Figure 3 shows the distinct influence of D I As and c I As eq on the tail of the profile; the high-concentration region remains unchanged. A similar behavior was found for the variation of the ratio between D i S and c i S eq .
The profile can be fitted using at least two sets of parameters. If we use diffusion coefficients D i S and D I As differing by a factor of more than ten, then the shape of the profile tail is determined only by the ratio of the species with the lower diffusion coefficient. However, from the SIMS profile alone it cannot be decided which species, I As or i S , has the lower diffusion coefficient.
The distribution of extended defects formed during the S indiffusion has been investigated by TEM, revealing only small dislocation loops of up to 2.5 nm in diameter in samples annealed at 1100°C. The few defects observed did not allow one to determine the defect density in crosssectional samples. We also investigated the samples of Uematsu et al., 12 which were annealed for 1 h and also showed a comparably low density of dislocation loops. The defects were identified as extrinsic dislocation loops via the inside/ outside contrast method. 17 In the sample annealed at 950°C for 20 min ͑the S concentration in the vapor was 5 g cm Ϫ3 ͒, large extended defects, which have a much higher density than the samples discussed above, have formed. The extrin- Table I . sic loops, exhibiting a stacking fault contrast under the diffraction condition of Fig. 4 , lie on ͕111͖ planes. In Fig. 5͑a͒ , the SIMS profile of the same sample is plotted. In addition, the electrochemical capacitance-voltage ͑ECV͒ profile is shown. It supports earlier results that sulfur is electrically active only up to a concentration of 1.5ϫ10 18 cm
Ϫ3
. 11, 12 Higher S concentrations are compensated. Such compensation effects are known from other n-type dopants like tellurium 18 or silicon. 19 To include the formation of the faulted loops in the simulation of the diffusion process it is necessary to find out how many I As are contained in these extended defects. The role of the loops as a sink for I As can be described by one of the reactions I As ϩI Ga →⌽ or I As →⌽ϩV Ga , ͑9͒
where ⌽ indicates a pair of gallium and arsenic atoms in the dislocation loop. Both reactions are equivalent. Equation ͑9͒ has been included in Eq. ͑7͒ via the factor c ⌽ . In our investigations, the arsenic sublattice is considered, i.e., only the change in the concentration of I As is taken into account. This means the time derivative of the factor c ⌽ in Eq. ͑7͒ is given by ‫ץ‬c ⌽ /‫ץ‬tϭK ⌽ (c I As Ϫc I As eq ). The concentration profiles shown in Fig. 5͑b͒ correspond to c ⌽ after the diffusion time. K ⌽ is the reaction constant of reaction ͑9͒. As demonstrated in Fig. 5͑b͒ , the depth of the profile provides information about the ratio of D I As and c I As eq . The height of the I As concentration profile has to be fitted with the reaction constant K ⌽ . The influence of ‫ץ‬c ⌽ /‫ץ‬t was simulated, and it was found that the loop formation altered only the tail region of the profile, while the high-concentration part remained unchanged. For this reason, the former analysis of Uematsu et al. 12 is still valid. However, it has to be noted that in this work only the product of D I As and c I As eq was determined.
The formation and further growth of the faulted loops ⌽ make the supersaturation of I As ͓Eq. ͑1͔͒ decrease at the expense of the formation of Ga vacancies, if the second reaction of Eq. ͑9͒ is considered. These vacancies, which are negatively charged acceptors, 24 are likely to form complexes with the S donors. Cathodoluminescence and positron annihilation measurements 20, 21 suggest that S As V Ga complexes have formed during the S indiffusion at 950°C. This formation of the complexes is a possible mechanism of the compensation described above. To determine the depth profile of I As condensed in the faulted loops, the density of the extended defects was precisely determined from TEM images covering a large sample area. The size of the loops and their depth distribution have been measured. The depth profile of the concentration of I As contained in the loops is plotted in Fig. 5͑b͒ . The error bars result from uncertainties in determining the thickness of the TEM foil by counting the number of the extinction contours.
In order to simulate the profile of the faulted loops, a single sink term for I As was used, describing the mean growth of the extended defects. A possible dissolution of these defects has not been taken into account, as there is always a supersaturation of I As during annealing at 950°C. The solid lines in Figs. 5͑a͒ and 5͑b͒ results from a simulation considering both the S indiffusion and the growth of the loops. The sensitivity of the profile of I As , condensed in loops, to the parameter D I As is demonstrated in Fig. 5͑b͒ . For the other two simulations shown in Fig. 5͑b͒ , we used the same transport capacity D I As c I As eq , but, however, different diffusion coefficients and concentrations: 5D I As and c I As eq /5 ͑dot-ted line͒, and D I As /5 and 5c I As eq ͑dashed line͒. It is quite obvious that a factor of as low as 5 already changes the result of the simulation significantly. In Fig. 5͑a͒ , the second SIMS profile with the smaller surface concentration was fitted using nearly the same simulation parameters as that of the profile with the higher surface concentration. Important simulation parameters for the experiments at 1100 and 950°C are given in Table I . The relative error of the concentrations and diffusion coefficients calculated is about 50%. The effective diffusion coefficient of sulfur is shown in Fig. 6 . From the fit, the effective diffusion coefficient of sulfur is obtained as Table I . For the high S concentration at the surface, the ECV profile is additionally presented; ͑b͒ depth profile of I As . Simulations with a constant transport capacity but different D I As and c I As eq show the sensitivity to these parameters.
V. DISCUSSION
In our simulations we checked the influence of the formation of faulted loops on the shape of the whole diffusion profile and hence on the diffusion parameters. Obviously, the density of the loops in Fig. 5͑b͒ presented by the number of As interstitials agglomerated, influences solely the tail of the profile significantly. Therefore, the values of the effective As diffusion coefficient given by Uematsu et al. 12 are valid even though the formation of extended defects had not been considered. It must be mentioned that the simulation is carried out only along the x coordinate. The presence of the dislocation loops as sinks of As interstitials may, however, cause deviations from the one-dimensional nature of the model. Unlike point defects, which are presumably uniformly distributed in the crystal, dislocation loops are not distributed uniformly on the scale of the diffusion length of sulfur or As interstitials. Such nonuniformities in the dislocation loop density may have an impact on the results of the simulation.
The question arises why the density of faulted loops is much lower for annealing at 1100°C than at 950°C. The intrinsic carrier concentration in GaAs n i is 1.02 ϫ10
18 cm Ϫ3 at 1100°C, however, only 2ϫ10 17 cm Ϫ3 at 950°C. It is well known that in n-doped GaAs there is a Fermi-level effect on the concentration of negatively charged Ga vacancies. 24 The equilibrium concentration of negatively charged Ga vacancies is given by
z represents the charge state of the vacancies; zϭϪ3 in n-type GaAs. 24 The indiffusion of S donors increases the factor n/n i , and the equilibrium concentration of Ga vacancies rises. For the carrier concentration holds nϷn i at 1100°C, whereas nϾn i at 950°C. 25 Hence, the required equilibrium concentration of Ga vacancies is much higher after the S indiffusion at 950°C than in the intrinsic material. The formation of these Ga vacancies during the indiffusion, necessary to attain thermal-equilibrium values, may be accompanied by the formation and growth of interstitial-type dislocation loops as described in Eq. ͑9͒. In this way, there is not only the supersaturation of I As , but also an additional driving force on the Ga sublattice for the formation of extrinsic dislocations loops at this annealing temperature. In contrast to that, the generation of loops during annealing at 1100°C would result in a supersaturation of V Ga or in an undersaturation of Ga interstitials according to the reactions in Eq. ͑9͒, thus being less probable. In Fig. 7 , the diffusion coefficients obtained from our simulations are compared with values from the literature. 12, 13, 26 Our effective diffusion coefficients are comparable with the earlier results. The diffusion coefficients of Hoffmann 26 were extracted from postgrowth annealing experiments. Noack et al. 6 carried out similar experiments. These authors assumed their results to be related to the As self-diffusion, which is in contradiction to the much lower diffusion coefficients from tracer diffusion experiments. 9, 27 The values are, however, in good agreement with our D I As data.
In Fig. 8 self-diffusion data on the As sublattice are compared with our sulfur indiffusion data. The self-diffusion coefficient is the weighted sum of interstitial and vacancy contributions, as described by Scholz et al. 28 With the sulfur indiffusion, only the interstitial part is determined, because S interacts with I As via the kick-out mechanism. It could be derived that the data obtained by S indiffusion lie below those from P or Sb diffusion experiments. However, in order to make this result clearer, more experimental data below 900°C are required.
VI. SUMMARY
Measurements of the indiffusion profile of sulfur in gallium arsenide by SIMS in the temperature range 950-1100°C have been evaluated by numerical simulations based on coupled reaction-diffusion equations. The diffusion behavior of sulfur on the arsenic sublattice could be explained by an interstitial-substitutional diffusion model, i.e., the kick-out mechanism. The effective diffusion coefficient of S in GaAs was extracted from the analysis. It is higher than that of Si or Zn. Moreover, the interaction with the arsenic sublattice allowed us to use sulfur as a vehicle to study the As self-diffusion. In former experiments, only the effective diffusion coefficient containing the product D I As c I As eq was determined. The indiffusion of sulfur proceeds under supersaturation of I As . The nonequilibrium diffusion profile of sulfur was used to determine simultaneously the diffusion coefficient and the equilibrium concentration of arsenic selfinterstitials, especially the shape of the diffusion tail which depends on both factors. The run of the S concentration profile in this tail region could be fitted with an appropriate choice of both D I As and c I As eq . In this way, the equilibrium concentration and the diffusion coefficient of arsenic interstitials could be determined for the first time.
The arsenic supersaturation during the diffusion caused the formation of faulted dislocation loops, which were revealed by transmission electron microscopy. The loops are sinks of arsenic interstitials. The corresponding rate equation has been taken into account in the simulation. The number of I As contained in the faulted loops was determined from the density and size of the extended defects in TEM images covering a large sample area. The indiffusion of sulfur donors increases the carrier concentration. This gives an additional drift term, which was included in the set of differential equations used for the simulation. The Fermi-level effect has to be taken into account in order to understand the defect formation after S indiffusion at different temperatures. The loop formation is connected with the emission of gallium vacancies. The variation of the equilibrium concentration of negatively charged V Ga may be the reason why the density of faulted loops is higher at lower diffusion temperatures. The c V Ga eq concentration is higher at lower diffusion temperatures and provides a driving force for the loop formation, in addition to the I As supersaturation. The As self-diffusion data obtained in this work by sulfur indiffusion are in agreement with results published earlier. The S diffusion allows to calculate the interstitial part of the As self-diffusion coefficient, which is the weighted sum of interstitial and vacancy contributions. The As selfdiffusion coefficient determined by S diffusion is lower that that from P or Sb diffusion experiments. Further measurements at low temperatures are under way to confirm this result.
